Changes in DNA methylation are well documented in cancer development and progression and are typically identified through analyses of genomic DNA. The capability of monitoring tumor-specific methylation changes in circulating tumor DNA (ctDNA) has the potential to improve the sensitivity of ctDNA for the diagnosis and prognosis of solid tumors. In this study we profiled the methylation of seven gene targets (all known to be hypermethylated in metastatic melanoma) within the plasma of patients with advanced melanoma using amplicon-based next generation sequencing of bisulfite-treated DNA. Hypermethylation of 6/7 gene targets, including paraoxonase 3 (PON3) was significantly elevated in patients with metastatic melanoma (n = 4) compared to healthy control samples (n = 5). In addition, the degree of hypermethylation of PON3 and MEOX2 were significantly correlated with ctDNA copy number in melanoma patients, confirming the utility of methylated ctDNA in the absence of tumor mutation data for genes such as BRAF, RAS or EGFR.
Introduction
Molecular analyses of circulating DNA, RNA, proteins, vesicles or cells as liquid biopsies is a rapidly developing modality for monitoring disease progression, treatment response and tumor heterogeneity [1, 2] . Circulating tumor DNA (ctDNA) is highly fragmented DNA that is derived from tumor cells and tends to increase in abundance with increasing total patient tumor burden [3, 4] .
Appl. Sci. 2019, 9, 5074; doi:10.3390/app9235074 www.mdpi.com/journal/applsci Baseline and on-treatment ctDNA is predictive of response to targeted and immunotherapies in many cancers [5] [6] [7] [8] , can monitor tumor heterogeneity and the expansion of therapy resistant tumor subclones [9] [10] [11] , and predicts recurrence and survival following curative resection [12, 13] . The detection and monitoring of ctDNA using mutation-detection techniques such as droplet digital PCR (ddPCR) and targeted next generation sequencing panels has been well documented [14, 15] . One remaining challenge remains is the sensitivity of ctDNA detection, as it often accounts for less than 0.1% of the total circulating free DNA, has a short half-life of only a few hours and amounts can vary depending on cancer type and stage, tumor burden and location, vascularity and cellular turnover [3] . As a result, ctDNA does not reliably detect patients with early stage cancer [3] or with post-treatment minimal residual disease [16] and often requires a known target mutation for detection, e.g., BRAF V600E.
Analysis of epigenetic DNA modifications, such as methylation, is a promising approach for improving ctDNA sensitivity given the high degree of methylation concordance between circulating free DNA and tissue-derived genomic DNA [17] [18] [19] [20] [21] . Moreover, epigenetic changes are important in tumor development and progression as these epigenetic changes regulate gene expression, often via the methylation of cytosine residues within CpG islands of gene promoter regions [22] . Analysis of DNA methylation requires bisulfite conversion which enables subsequent discrimination of methylated and unmethylated cytosine residues. Although bisulfite conversion can result in significant loss of DNA due to fragmentation and degradation, a recent study confirmed that the EZ DNA Methylation-Direct kit was optimal for bisulfite conversion and recovery of low molecular weight DNA such as circulating free DNA [23] .
In this study, we developed an efficient ctDNA methylation analysis workflow that utilizes the EZ DNA Methylation-Direct kit for conversion of small amounts of low molecular weight DNA (~20 ng) followed by MiSeq next generation sequencing to examine the methylation status of individual CpG sites within a panel of seven genes. Methylation of these genes (GJB2, HOXA9, MEOX2, OLIG3, PON3, RASSF1 and TFAP2B) has been associated with melanoma progression and/or poor survival [24, 25] . In contrast to previous studies analyzing circulating free DNA methylation [20, [26] [27] [28] , we examined the methylation of symmetrical CpG sites in both DNA strands to accurately quantify the level of gene methylation. Given the clinical potential of ctDNA detection in melanoma [2, 29] and the fact that promoter methylation contributes to the progression of melanoma [30] , we focused on monitoring the methylation status of circulating free DNA in metastatic melanoma patients to identify melanoma-specific methylation patterns.
Materials and Methods

Plasma Preparation
Written consent was obtained from all healthy individuals under an approved Human Research ethics committee protocol from Macquarie University (5201300412). Written consent was obtained from all melanoma patients under approved Human Research ethics committee protocols from Royal Prince Alfred Hospital (Protocol X15-0454 and HREC/11/RPAH/444). Blood (10 mL) was collected in EDTA tubes (Becton Dickinson, USA, Franklin Lakes, NJ, USA) and processed within 4 h from blood draw. Tubes were spun at 800 g for 15 min at room temperature. Plasma was then removed into new 15 mL tubes without disturbing the buffy coat and respun at 1600 g for 10 min at room temperature to remove cellular debris. Plasma was stored in 1-2 mL aliquots at −80 • C.
Purification of Circulating Free DNA from Plasma
Plasma circulating free DNA was purified using the QIAamp circulating nucleic acid kit (Qiagen, Hilden, Germany) according to the manufacturer's instructions. For healthy individuals, circulating free DNA was purified from 4 mL of plasma, and the final elution volume was 50 µL. For melanoma patients, circulating free DNA was purified from 1-2 mL of plasma, and the final elution volume was 30-40 µL. Total circulating free DNA was subsequently quantified using a Qubit dsDNA high sensitivity assay kit and a Qubit fluorometer 3 (Life Technologies, Carlsbad, CA, USA) according to the manufacturer's instructions.
Analysis of ctDNA from Plasma
The copy number of ctDNA per ml of plasma was analyzed using the QX200 ddPCR (Bio-Rad, Hercules, CA, USA) system to detect tumor-associated BRAF V600E/K or NRAS Q61K/R mutations, as previously described [6] . The ctDNA copy number/mL of plasma was determined with Quantasoft software version 1.7.4 (Bio-Rad, Hercules, CA, USA) using a manual threshold setting.
PCR Primer Design
The primers (listed in Table S1 ) were designed based on Genome Reference Consortium Human Build 38 patch release 12 (GRCh38.p12). The primers were designed by conducting similarity searches of the target sequences against the human genome reference using BLAST (https://blast.ncbi.nlm.nih. gov/Blast.cgi) selecting~200 bp either side of the reference and then importing that into Pyromark Assay Design software version 2.0.1.15 (Qiagen, Hilden, Germany, 2008). Primers were selected with the aid of the software's algorithms to amplify amplicons of approximately 100 bp in length. This software aided in design of primers for both bisulfite converted Watson (upper) and Crick (lower) DNA strands. For the RASSF1 gene primers of sufficient quality (as assigned by the software) could only be designed for the Crick strand. A pair of primers to Lambda DNA were provided by the Lister laboratories (University of Western Australia). All primers were purchased as desalted, sequencing grade from Integrated DNA Technologies (Coralville, IA, USA).
Sample QC and Preparation
Quality and concentration of circulating free DNA samples was determined by GXII Labchip (Perkin Elmer, Waltham, MA, USA) on an Extended Range chip with Hisense DNA reagents.
Bisulfite Conversion of DNA
A total of 15-25 ng circulating free DNA was spiked with 0.1 ng of Lambda DNA, made up to 20 µL with MilliQ water and then bisulfite converted using the EZ DNA Methylation-Direct Kit (Zymo Research, Irvine, CA, USA) according to the manufacturer's instructions. All samples were eluted from one spin-column in two 15 µL aliquots for a total volume of 30 µL.
PCR Amplification
DNA regions of seven genes (total of 13 amplicons listed in Figure S1 ) and a region of Lambda DNA were amplified from the bisulfite converted DNA. A mixed methylation amplification control sample was prepared by mixing 1:1 bisulfite treated methylated human DNA (cat# 59655, Qiagen, Hilden, Germany) and bisulphite treated unmethylated human DNA (cat# 59665, Qiagen, Hilden, Germany). The controls were supplied at 10 ng/µL and prepared by Qiagen proprietary methods. A no template water control (NTC) was included in all amplification reactions.
Amplifications were performed in 20 µL reactions with 2 µL of bisulfite converted DNA and 0.5 µM primers using Pyromark PCR mastermix (Qiagen, Hilden, Germany). Cycling conditions consisted of an initial denaturation step of 15 min at 95 • C followed by 45 cycles of denaturation at 94 • C for 30 s, annealing at 56 • C for 30 s and extension at 72 • C for 30 s. A final extension step at 72 • C was performed for 10 min. All gene amplicons were less than 200 bp in length (see Figure S1 for a full list of the amplicon sequences), the Lambda amplicon was 425 bp.
Library Construction
All amplification reactions (including NTC) were purified with 2X Agencourt AMPure XP magnetic beads (Beckman Coulter, Brea, CA, USA) and resuspended in 20 µL of water. Concentrations were assessed by a Qubit dsDNA high sensitivity assay kit as described above and amplicon size by agarose gel electrophoresis. Amplicons for each sample were then pooled in equimolar amounts into a total volume of 55 µL. The pool was again purified with 2X AMPure XP and resuspended in 30 µL of water and assessed using both agarose gel QC and Tapestation (Agilent, Santa Clara, CA, USA). 50 ng of each purified pool was used to generate libraries. The purified NTC amplifications were pooled and the maximum input volume was used for library preparation. The purified amplicons were processed with the TruSeq DNA Nano reagent kit (Illumina, San Diego, CA, USA), according to the manufacturer's instructions with the following changes:
(1) No shearing of the DNA (2) No removal of large and small DNA fragments (i.e., no size selection).
Library QC
Purified libraries were tested for quality on a GXII Labchip (Perkin Elmer, Waltham, MA, USA). The concentration of each library was assessed by qPCR using the KAPA KK4835 ABI Prism™ qPCR Master Mix with the KK4905 DNA standards 1 − 6 (20 pM − 0.0002 pM) (Thermo Scientific, Waltham, MA, USA).
Library Pooling and Sequencing
All libraries were normalized to 2 nM based on qPCR results and pooled using equal volumes. The 2 nM library pool was denatured and sequenced on a MiSeq Nano cell (Illumina, San Diego, CA, USA) with 150 bp PE runs (151 cycles each) with two indexing reads of 8 bp each. Briefly: 10 µL of the 2 nM library pool was mixed with 10 µL of freshly prepared 0.1 N NaOH. The mix was denatured at room temperature for 5 min before being chilled and diluted to 1 mL with 980 µL of HT1 buffer (Illumina, San Diego, CA, USA). The denatured libraries were loaded onto the MiSeq cartridge at 11 pM with 5% PhiX.
Bioinformatics for Bisulfite Amplicon Sequencing
Raw bisulfite sequencing data firstly underwent quality assessment with FastQC version 0.11.7 [31] and was trimmed with FastP version 0.19.6 [32] to remove adapter sequences, contamination and low-quality fragments. Mapping was carried out with Bismark version 0.7.0 [33] to a customized genome built with GRCh38 and spiked-in Lambda DNA sequences. Alignments were performed with Bowtie2 version 2.3.4 aligner [34] with default parameters allowing 0 mismatch in a 20 bp seed.
The bisulfite conversion efficiency (%) was calculated as 100 − non-conversion ratio (%). The non-conversion ratio was calculated by dividing the number of reads corresponding to non-converted methylated cytosine residues by the total reads (non-converted methylated + converted unmethylated cytosine) for each cytosine residue on Lambda DNA, as follows:
Rnc (%) = Nmc/(Nmc + Nc) × 100 Rnc; non-conversion ratio; Nmc; number of reads corresponding to methylated cytosine; Nc, number of reads corresponding to unmethylated cytosine.
We further investigated symmetric methylation (i.e., on both DNA strands) considering only methylated cytosines in the CpG context by calculating reads supporting methylation and the total read coverage on that cytosine. The fraction methylation for individual CpG sites was then determined from the ratio of total methylated cytosine (in a CpG context) reads to total reads covering that cytosine as follows:
Fraction methylated cytosines = Total methylated cytosine sequencing reads/Total sequencing reads (forward plus reverse) covering that cytosine 'BedSort' and 'bedGraphToBioWig' from UCSC genome browser 'kent' bioinformatics utility version 376 [35] were used to generate BigWig format data group files for visualization and analysis.
Statistical Analysis of Methylation Data
Comparison of the fraction methylation of individual CpG sites between heathy and melanoma patients was undertaken using Morpheus (https://software.broadinstitute.org/morpheus). Marker selection in Morpheus was based on a t-test and hierarchical clustering using Euclidean distance with complete linkage. Area under the receiver operating characteristic (ROC), Pearson correlation coefficients and sample distribution were determined using Prism version 8.1 (Graphpad, San Diego, CA, USA, 2019). For ROC curves, 95% confidence intervals (CIs) were calculated in Prism using the Wilson/Brown hybrid method.
Results
Cohort and Gene Targets
In this study, we focused on monitoring the methylation status of circulating free DNA in samples from 5 healthy individuals and 4 patients with advanced melanoma (Table 1 ). A panel of 7 genes was used in the methylation analyses: gap junction protein beta 2 (GJB2), homeobox A9 (HOXA9), mesenchyme homeobox 2 (MEOX2), oligodendrocyte transcription factor 3 (OLIG3), paraoxonase 3 (PON3), Ras association domain family member 1 (RASSF1), and transcription factor AP2 beta (TFAP2B). These genes were chosen based on genome-wide methylation studies on melanoma and shown to be potential progression-related and/or prognostic biomarkers [24, 25, [36] [37] [38] [39] [40] . Furthermore, the hypermethylation of these genes (or closely related genes) in melanoma has been reported to be highly prevalent [39, 41, 42] . Initially, the ctDNA copy number/mL of plasma for the melanoma patients was determined using ddPCR analysis of previously established driver mutations in BRAF or NRAS (Table 1) . ctDNA was detected in patient samples and ranged from 200-30,350 copies/mL plasma (Table 1) . Longitudinal analysis of ctDNA from melanoma patient 2, revealed a 67% decrease in ctDNA after 3 weeks of immunotherapy ( Table 1 , compare melanoma patient 2 pre-treatment (PRE) and early during treatment (EDT) samples).
Determination of the Fraction of Circulating Free DNA Methylation
For methylation analysis, input circulating free DNA ranged from 15-25 ng for the initial bisulfite conversion step (Table 1) . Following bisulfite conversion, 7 gene target regions containing CpG islands plus spiked in lambda DNA (amplicons shown in Figure S1 ) were amplified and subsequently sequenced. Our workflow independently interrogated methylation of both the upper Watson and lower Crick DNA strands ( Figure S1 ). RASSF1 was the only gene for which it was only feasible to design primers for the lower strand. The fraction of methylation of individual cytosines in CpG sites present in the upper and lower strand of each amplicon was determined based on sequencing reads (ratio of total methylated cytosine in a CpG motif/total reads for that cytosine; Table S2 ). In the case of healthy control 1, no sequencing reads were observed for the PON3 upper stand amplicon. Overall, the NTC sample had~300 reads compared to~50,000 reads for each DNA containing sample. At individual CpG sites, the NTC sample had 0 to 40 total reads compared to the circulating free DNA containing samples which typically had several hundred to thousands of total reads (Table S2a) , and this low read depth was filtered out in our methylation analysis pipeline. The mixed methylation amplification control consisting of 1:1 mixture of unmethylated and methylated human genomic DNA showed a median CpG methylation level of 35% (Table S2b ).
The determination of bisulfite conversion efficiency (i.e., conversion of unmethylated cytosine residues to uracil) was based on comparing the methylated vs. unmethylated signal for the spiked-in Lambda DNA for each circulating free DNA sample (Table S2 ). In our data, the non-conversion ratio (Rnc %) ranged from 0.108% to 0.411%, i.e., the bisulfite conversion efficiency was highly efficient at 99.589% to 99.892%.
Identification of Genes Which Discriminate for Melanoma Based on Differential Methylation of Circulating Free DNA
A comparison of healthy controls vs melanoma patients was then undertaken based on the fraction methylation of individual CpG sites within the chosen gene targets (Figure 1) . Overall, the methylation levels were variable across the 7 genes but found to be significantly elevated in melanoma patients compared to baseline levels found in healthy controls ( Figure 1 and Table S3 ). Hierarchical clustering based on methylation levels showed that four melanoma patient samples (1, 2a, 2b and 4; with detectable ctDNA ranging from 1,615-30,350 copies/mL plasma), clustered separately from the healthy controls, whereas melanoma patient sample 3, with very low levels of ctDNA (200 copies/mL; Table 1 ), clustered with the healthy samples ( Figure 1) . Importantly, the level of methylation increased with increasing ctDNA levels, and although there were differences in the ctDNA methylation patterns in the longitudinal ctDNA samples derived from patient 2, these samples clustered closely together (Figure 1 ). Table S3 . The scale for colors include: blue for row minimum levels of methylation of CpG sites in indicated genes or ctDNA levels (copy number/mL plasma) and red for row maximum levels of methylation of CpG sites in indicated genes or ctDNA levels (copy number/mL plasma). A black box indicates data was not determined.
Analysis of the DNA strand differences in methylation fractions for each target gene, excluding RASSF1 which only had the Watson strand amplified, illustrated that the majority of symmetrical methylation sites showed equivalent methylation proportions across the genes ( Figure S2A ). The median differences in the fraction of methylation on symmetrical sites was found to be 0.0 for each Table S3 . The scale for colors include: blue for row minimum levels of methylation of CpG sites in indicated genes or ctDNA levels (copy number/mL plasma) and red for row maximum levels of methylation of CpG sites in indicated genes or ctDNA levels (copy number/mL plasma). A black box indicates data was not determined.
Analysis of the DNA strand differences in methylation fractions for each target gene, excluding RASSF1 which only had the Watson strand amplified, illustrated that the majority of symmetrical methylation sites showed equivalent methylation proportions across the genes ( Figure S2A ). The median differences in the fraction of methylation on symmetrical sites was found to be 0.0 for each gene (range −0.03 to 0.04) ( Figure S2B ). Considerable variation in the OLIG3 symmetrical methylation fractions were apparent though ( Figure S2A,B) . Moreover, variation within individual patients was observed ( Figure S2C ), for instance Melanoma 1 showed substantial differences in the symmetrical methylation fractions for GJB2 ( Figure S2A ).
To determine whether individual gene promoter methylation could discriminate between healthy and melanoma patients, we performed ROC analysis. The analysis was based on the median circulating free DNA methylation calculated from the fraction methylation of CpG sites in upper and lower DNA amplicon strands for each gene in each healthy and melanoma sample (Table S4 ). The two gene targets with the most significant hypermethylation in metastatic melanoma patient compared with normal control were OLIG3 and PON3, with AUC values of 1.00 using ROC analysis ( Figure 2 ). Hypermethylation of GJB2, HOXA9, MEOX2 and RASSF1 also had significant AUC values of 0.80, 0.96, 0.92 and 0.84 respectively in discriminating between metastatic melanoma patients and healthy controls ( Figure 2 ). Only 1 gene, TFAP2B, with an AUC value of 0.56 was not significantly hypermethylated in melanoma patients (Figure 2 ).
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Figure 2.
Circulating free DNA methylation can discriminate between healthy and melanoma patients. ROC curves for each gene target were based on median methylation using the fraction of methylation for each CpG site in both the upper and lower stand amplicons.
Comparison of Circulating Free DNA Methylation and Copy Number Levels in Melanoma Patients
We noted that the level of circulating free DNA methylation increased with increasing ctDNA (Figure 1 ), and we further examined the correlation between ctDNA levels (Table 1 ) and circulating free DNA methylation levels for each gene in the melanoma patient samples. Significant correlation was found for PON3 and MEOX2 suggesting that measuring the methylation of these gene targets using circulating free DNA can be an accurate surrogate of ctDNA copy number (Figure 3 ). The other five gene targets had lower correlation coefficients which were not significant ( Figure S3 ).
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Comparison of Circulating Free DNA Methylation and Copy Number Levels in Melanoma Patients
We noted that the level of circulating free DNA methylation increased with increasing ctDNA (Figure 1 ), and we further examined the correlation between ctDNA levels (Table 1 ) and circulating free DNA methylation levels for each gene in the melanoma patient samples. Significant correlation was found for PON3 and MEOX2 suggesting that measuring the methylation of these gene targets using circulating free DNA can be an accurate surrogate of ctDNA copy number (Figure 3) . The other five gene targets had lower correlation coefficients which were not significant ( Figure S3 ). 
Evaluation of Methylated CpG Sites in Circulating Free DNA as a Biomarker for Detecting for Metastatic Melanoma
We next sought to compare 64 individual CpG sites in the GJB2, HOXA9, MEOX2, OLIG3, PON3 and RASSF1 genes. These 64 CpGs were most significantly differentially methylated when melanoma patient samples were compared to the healthy control samples (FDR adjusted p-value < 0.1; Tables  S3 and S5 ). Hierarchical clustering using these 64 CpG sites confirmed that melanoma patient sample 3, with very low levels of ctDNA, remain clustered with the healthy controls ( Figure 4A ) as seen in our initial analyses (Figure 1 ). Of the remaining melanoma patient samples, all with detectable ctDNA, melanoma patient sample 2a-EDT (with the lowest level of detectable ctDNA) was more distantly related to the remaining patient cluster including melanoma patient samples 1, 2a-PRE and 4 ( Figure 4A ). Our initial analysis showed patient samples 2a-PRE and 2b-EDT clustering together and patient samples 1 and 4 clustering together (Figure 1) .
We then performed ROC analysis based on the median circulating free DNA methylation values calculated from the fraction methylation of the 64 most differentially methylated individual CpG sites (shown in Figure 4A ) for each healthy and melanoma sample (Table S6 ). This again demonstrated significant hypermethylation in patients with melanoma compared with healthy control (AUC = 0.92; Figure 4B ). 
We next sought to compare 64 individual CpG sites in the GJB2, HOXA9, MEOX2, OLIG3, PON3 and RASSF1 genes. These 64 CpGs were most significantly differentially methylated when melanoma patient samples were compared to the healthy control samples (FDR adjusted p-value < 0.1; Tables S3  and S5 ). Hierarchical clustering using these 64 CpG sites confirmed that melanoma patient sample 3, with very low levels of ctDNA, remain clustered with the healthy controls ( Figure 4A ) as seen in our initial analyses (Figure 1 ). Of the remaining melanoma patient samples, all with detectable ctDNA, melanoma patient sample 2a-EDT (with the lowest level of detectable ctDNA) was more distantly related to the remaining patient cluster including melanoma patient samples 1, 2a-PRE and 4 ( Figure 4A ). Our initial analysis showed patient samples 2a-PRE and 2b-EDT clustering together and patient samples 1 and 4 clustering together (Figure 1) .
We then performed ROC analysis based on the median circulating free DNA methylation values calculated from the fraction methylation of the 64 most differentially methylated individual CpG sites (shown in Figure 4A ) for each healthy and melanoma sample (Table S6 ). This again demonstrated significant hypermethylation in patients with melanoma compared with healthy control (AUC = 0.92; Figure 4B ). Comparisons were based on healthy control samples versus melanoma patient samples. ctDNA levels (copy number/mL of plasma) determined for melanoma patient samples are also shown for comparison. The scale for colors includes: blue for row minimum levels of methylation of CpG sites in indicated genes or ctDNA levels (copy number/mL plasma) and red for row maximum levels of methylation of CpG sites in indicated genes or ctDNA levels (copy number/mL plasma). A black box Comparisons were based on healthy control samples versus melanoma patient samples. ctDNA levels (copy number/mL of plasma) determined for melanoma patient samples are also shown for comparison. The scale for colors includes: blue for row minimum levels of methylation of CpG sites in indicated genes or ctDNA levels (copy number/mL plasma) and red for row maximum levels of methylation of CpG sites in indicated genes or ctDNA levels (copy number/mL plasma). A black box indicates data was not determined. The chromosome position and number is indicated for each CpG site. (B) ROC curve was based on median methylation using the fraction of methylation for each of the most significant individual differentially methylated CpG sites for healthy control samples and melanoma patient samples.
Discussion
In this study, we have utilized bisulfite-based methylation-specific region sequencing [19] to monitor methylation of circulating free DNA in metastatic melanoma patients. The key to the success of this approach is designing appropriate primers, which amplify regions capable of distinguishing healthy controls from patients with cutaneous melanoma using bisulfite converted DNA. Other techniques for monitoring circulating free DNA in the context of melanoma, such as targeted next generation, typically work with an input circulating free DNA of around 20 ng [14] . Although ddPCR is capable of working efficiently with circulating free DNA as low as 1 ng, it does require prior knowledge of the mutation and typically only follows one gene target. Our current methylation approach utilized comparable amounts of input circulating free DNA to that used in targeted sequencing and in addition, resulted in a bisulfite conversion efficiency that approached 100%. We were able to achieve meaningful methylation data on our cohort samples, consisting of five healthy control samples and five melanoma patient samples, using an average circulating free DNA input of~19 ng with a resulting bisulfite conversion efficiency of 99.6% to 99.9% followed by successful amplification of all our targeted DNA regions.
It should be noted that our methylation amplification control did not show the theoretical methylation levels of 50%. According to Qiagen (technical support communication) they cannot guarantee 100% methylation of the human genomic DNA used to generate this control, and their testing of this control does not use the same gene targets as used in this study. Furthermore, we cannot assume 50% methylation of our target genes in the mixed control sample considering there is evidence for bisulfite-induced selective degradation of DNA [43, 44] . We should also emphasize that in this study we were comparing the relative amounts of DNA methylation rather than absolute methylation quantitation. Our comparison included healthy controls versus melanoma cases that were treated and measured under the same conditions.
We chose DNA target regions corresponding to the CpG rich regions of seven genes (GJB2, HOXA9, MEOX2, OLIG3, PON3, RASSF1, TFAP2B) shown to be hypermethylated in late-stage melanoma patients [24, 25, [36] [37] [38] [39] [40] . These previous melanoma studies were based on genome wide methylation arrays using genomic DNA followed by validation with more targeted assays that captured methylation of individual CpG sites in one DNA strand. Our current workflow quantifies the levels of methylation for individual, targeted CpG sites using circulating free DNA and also maximizes the methylation information gained by separately interrogating the Watson and Crick strands of DNA. This provides additional discriminatory power to assess methylation of individual CpG sites, and data can be analyzed based on the fraction of methylation at individual CpG sites or based on the median of the fraction methylation of several CpG sites present in each target gene. Both approaches were found to have significant predictive value in discriminating between metastatic melanoma patients and healthy controls. Overall though, the approach based on methylation of CpG sites within a particular gene showed the most significance.
We also observed symmetrical methylation in most of our target genes across our cohort, which supports previous reports that CpG sites are thought to be symmetrically methylated [45] [46] [47] . Designing primers for both DNA strands doubled the chances of obtaining an amplified product and also offers the significant advantage of looking at the methylation of both strands. We did observe variation in the symmetrical methylation across individual target genes, particularly OLIG3, as well as within individual melanoma patients. Although we can only speculate as to the cause of this variation, it may be indicative of PCR amplification bias or biological variation. We cannot rule out PCR amplification bias or duplications as we have not included unique molecular identifiers (UMIs). It was not feasible to use UMIs in our current system as the amount of starting DNA was too small. To help control for PCR bias, we did ensure that the primers for all of our amplicons were located in regions that do not contain CpG sites. To adequately address the issue of biological variations, larger cohort studies with longitudinal sampling will be required.
Based on the median of the fraction methylation for CpG sites within a particular target gene region, we were able to identify two genes, PON3 and OLIG3, for which increased methylation of circulating free DNA was shown to have the highest possible predictive value (AUC = 1.00 for ROC curves) for identifying patients with advanced melanoma. Our findings are supported by a previous study, which showed increased methylation of the promoter region of PON3 genomic DNA, independent of tumor thickness and ulceration, to be significantly associated with poor prognosis when comparing primary melanoma against benign nevi [24] . This study did not report on whether PON3 methylation patterns were independent of BRAF or NRAS mutational status [24] . Increased methylation of OLIG3 genomic DNA was also found to be associated with reduced overall survival in primary melanoma but was found not be significant in a subsequent multivariate analysis [24] .
Based on increased methylation of circulating free DNA, we identified four other genes, HOXA9, MEOX2, RASSF1 and GJB2, that also have high predictive values for diagnosing metastatic melanoma patients (AUCs ranging from 0.8 to 0.96 for ROC curves). Increased methylation of MEOX2 genomic DNA was also found to be associated with reduced overall survival in primary melanoma but was found not be significant in a subsequent multivariate analysis [24] . This study also identified hypermethylation of GJB2 and HOXA9 along with MEOX2, to be associated with melanoma progression based on comparing primary versus metastatic melanoma [24] . A bioinformatics-based analysis has indicated that hypermethylation of the RASSF1 promoter region is associated with susceptibility to melanoma but is not in itself of prognostic value [36] .
In our current study, we did not find any value associated with monitoring methylation of TFAP2B in melanoma patients (AUC of 0.56 for a ROC curve). Reduced TFAP2B protein expression, presumably due to increased methylation, was found to be associated with shorter progression-free survival in melanoma patients but was found not to be significant in a multivariate analysis [24] .
We also compared the levels of methylated CpG within the target genes to ctDNA copy number based on ddPCR and found significant correlation only for the genes PON3 and MEOX2. Generally, the levels of ctDNA in melanoma patients provide a predictor of tumor burden and response to therapy [6, 7, 48] . In our study, the hypermethylation of PON3 provided the highest predictive value for identifying metastatic melanoma patients, and this supports a previous study analyzing PON3 methylation using melanoma tissue-derived genomic DNA [24] . Changes in methylation of PON3, also based on analysis of genomic DNA, have been reported to be associated with drug resistance in esophageal cancer, adverse outcomes in prostate cancer and to be predictive of chemotherapy response in colorectal cancer [49] [50] [51] . Having established a viable workflow for detection of methylation using small amounts of low molecular weight circulating free DNA from plasma, we can now focus on larger cohorts and additional targets to establish the value of such a liquid biopsy as a biomarker in the diagnosis and monitoring of melanoma patients. The addition of methylation ctDNA profiling in melanoma is particularly valuable, as ctDNA has been shown to be predictive of melanoma-specific survival in high-risk stage III melanoma [13] and also predicts response and survival in advanced melanoma patients treated with molecular or immune therapies [6, 7, 48] . In these reports, however, ctDNA analysis was limited to patients with an established driver gene mutation and although highly sensitive ddPCR was used for the detection of these gene mutations, only 34% of Stage III melanoma patients had detectable ctDNA at baseline [13] . The analysis of ctDNA methylation using a panel of genes eliminates the need to define mutations using tumor tissue and increases the likelihood of detecting tumor-associated circulating DNA.
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